Zinc oxide is a versatile semiconductor with an expansive range of applications including lighting, sensing and solar energy conversion. Two central phenomena coupled to its performance that remain heavily investigated are the origin of its sub-band-gap green emission and the nature of its conductivity. We report photoluminescence and dark conductivity measurements of zinc oxide nanoparticle films under various atmospheric conditions that demonstrate the vital role of adsorbates. We show that the UV emission and conductivity can be tuned reversibly by facilitating the adsorption of species that either donate or extract electrons from the conduction band. When the conductivity data are compared with photoluminescence spectra taken under the same ambient conditions, the green emission can be directly linked to surface superoxide formation, rather than surface hydroxylation or native defects such as oxygen vacancies. This demonstrates how and explains why the green emission can be controlled by surface reactivity and chemical environment.
Z inc oxide (ZnO) nanoparticles and nanowires have gained considerable attention due to a wide variety of potential applications including gas sensors 1,2 , solar cells 3, 4 , UV light-emitting diodes 5 and lasers 6 , and solar-driven water-splitting cells 7 . Mesoporous ZnO is a particularly attractive alternative to incumbent technologies because of benefits such as low cost, material abundance, large surface area, low toxicity and relatively large charge-carrier mobilities 8, 9 . Nanoparticle ZnO thin films have a large surface-area-to-volume ratio and therefore contain a high density and wide variety of unavoidable surface defects 10 . They can also adsorb a large amount and variety of gas molecules 1, 2 . Some of these defects and interactions are a technological advantage, while others are reportedly responsible for unwanted sub-band-gap green emission and extrinsic conductivity in ZnO. For ZnO films to be useful in commercially viable technologies, the origin of these defects must be understood in order to suppress the green emission, tune the electrical properties to either n-type or p-type and control the surface defects to match the redox potentials for catalytically driven reactions.
Native defects on metal oxide nanostructures, such as vacancies, interstitials and antisites, are inevitable 10 , and these defects are in part responsible for giving many metal oxides important electrical and catalytic properties 11 . Because oxygen vacancies, compensated by free electrons, give rise to n-type conductivity in TiO 2 12,13 , this was also thought to be the case for ZnO. Early theoretical studies and measurements of higher conductivities under oxygen-poor conditions suggested that oxygen vacancies and zinc interstitials were likely candidates for causing n-type conductivity in ZnO 13, 14 . However, later calculations identified oxygen vacancies as very deep donors, and therefore not thermally active at room temperature 15, 16 . These same studies showed that zinc interstitials are highly unstable and are therefore not expected to be present in appreciable quantities. In fact, calculated formation energies and energy levels of potential native point defects in ZnO nanostructures suggest they are either unstable or too deep to be electron donors and are therefore unlikely to be the cause of the n-type conductivity 17 .
Native defects have also been considered as the source of the observed sub-band gap green emission in ZnO 17 . The photoluminescence (PL) of ZnO nanoparticles has two emission peaks: a sharp UV peak due to emission from band-to-band recombination and a broad green emission peak arising from trap-assisted recombination [18] [19] [20] . In spite of extensive investigations into the emissive properties of ZnO, it is still not entirely understood whether native defects are the cause of the unwanted green emission, and if they are, which defects are responsible 16, 17 . Most experimental and theoretical studies have attributed the green emission to recombination of free holes with trapped electrons in oxygen vacancies [21] [22] [23] , in zinc interstitials and antisites 24 , or free electrons with holes trapped in zinc vacancies 22, 23 , oxygen interstitials and/or antisites 16 , without reaching a consensus.
Adsorbed species on the nanoparticle surface play a central role in charge transport 25, 26 . This interaction has been studied extensively and is the basis of the gas sensing capabilities of ZnO 1,2 . Changes in the relative concentrations of potential adsorbates in the atmosphere lead to detectible changes in the conductivity. Particular adsorbates can increase or decrease the conductivity depending on their electron donating or withdrawing character, respectively, since this will have an impact on the charge carrier density in n-type ZnO. In addition to adsorbates that originate from material synthesis and preparation, such as hydrogen binding to unterminated oxygen 27 , a host of chemical species are present in air which can readily adsorb to ZnO, such as O 2 , H 2 O and CO 2 28 . For example, nanostructured ZnO can be used as an oxygen sensor because molecular oxygen can bind to ZnO by capturing an electron from the conduction band to form chemisorbed superoxide O À 2 , which results in a measurable decrease in conductivity 2, 29 . The opposite effect can be seen in the adsorption of water, which can dissociate into surface hydrogen and hydroxyl groups 11, 30 . Hydrogen, both as an interstitial and bound to an oxygen vacancy, has been suggested to be the primary source of electron donor sites in ZnO, and hence the main cause for its n-type conductivity 25, 26 .
There is evidence suggesting that adsorbed species, rather than native defects, are the main contributors to the green emission 31 . For instance, hydroxylation of oxygen vacancies was suggested to be the source of green emission, which is consistent with the observation that the sub-band-gap emission was suppressed when measured under vacuum 32 . However, to the authors knowledge, the role of adsorbates on the emissive properties of ZnO is relatively unexplored, with only one other publication showing that the green emission from ZnO nanoparticles is highly affected by the molecular content of the ambient 33 .
In this work, we take advantage of the gas sensing capabilities of ZnO and combine PL and electrical conductivity measurements, under various atmospheric conditions, as a systematic way of determining the role of adsorbates in the green emission and conductivity of nanostructured ZnO. Our approach enables the monitoring of PL shifts caused by changes in the relative concentrations of adsorbed species as a function of time, both during gas exposure and upon UV photodesorption. The PL is dominated by green emission under oxygen-rich conditions, which points to adsorbed oxygen as the source of green emission. Furthermore, since a significant decrease in the conductivity under these same oxygen-rich conditions is observed, and since the green emission is caused by trap-assisted recombination, we propose that the origin of green emission in ZnO is due to adsorbed O À 2 , which, to the authors knowledge has never been considered.
Results

Photoluminescent response in different ambient conditions.
The relative intensities of green (~2.3 eV) and UV emission (~3.3 eV) have been used to characterize emissive defects in ZnO 19, 31 . This has typically been done to compare samples annealed at different temperatures or conditions, e.g., in zinc-or oxygen-rich environments, to manipulate the concentrations of specific native defects [22] [23] [24] . However, the ambient atmosphere, and the resulting adsorbed species on the surface, is often ignored during PL measurements, even though its chemical composition governs the conductivity of ZnO 2,25,29,31 . We used steady-state PL measurements in various atmospheres, recorded over several hours, to monitor changes in the spectra caused by adsorption and UV-induced desorption of chemical species. Figure 1 shows PL emission of a ZnO nanoparticle thin film excited with 4.13 eV light (300 nm), that is, light with an energy exceeding the ZnO band gap of approximately 3.25 eV (see Supplementary Fig. 1 ). Each curve corresponds to a measurement with duration of approximately 1 min and 50 seconds performed at room temperature. Figure 1a shows the emission in air, i.e., an atmosphere consisting of mixed gases of mostly N 2 , O 2 and H 2 O, when illuminated over the course of~4 h. The green emission intensity was initially low as compared to the UV emission. Over the course of the experiment in air, the UV emission decreases and the green emission peak rises with an apparent slight shift to lower energy. Figure 1b shows emission from the sample as the atmosphere is quickly changed from air to vacuum and then monitored over 2 h. This led to a rapid decrease in the green emission intensity. Figure 1c shows emission from the sample under vacuum for a duration of~6 h, where a similar apparent shift is observed as the green emission peak grows. Figure 1d shows emission as the atmosphere is changed from vacuum to pure oxygen for 1 h and 23 minutes. This change led to an initial rapid increase in the green emission due to the sudden injection of oxygen into the system. This rapid increase is in contrast to what was observed in the mixed-gas system presented in Fig. 1a , indicating that adsorbed oxygen is responsible for green emission and that more than one species of adsorbate is occupying adsorption sites in the mixed gas system. Figure 1e shows the emission over a duration of 1 h and 22 minutes following a replacement of the oxygen atmosphere with nitrogen and water vapour. This led to a quick drop, and an eventual quench, of the green emission and an abrupt increase in the UV emission. When dry nitrogen is replaced with air as shown in Fig. 1f (experiment duration: 29 minutes), the behaviour in air, as seen in Fig. 1a , is recovered. No appreciable changes were observed between the emission measured in wet and dry nitrogen, indicating that neither nitrogen nor water had an observed effect on the emissive properties (see Supplementary Fig. 2) . Figure 2 shows the results of fitting the PL spectra with gaussian peaks including two example spectra taken in air before (Fig. 2a) and~4 h into (Fig. 2b) the growth of the green emission upon UV illumination. The green emission does not shift, but rather, it comprises two peaks centred at 2.24 eV and 2.65 eV. The increase in green emission is dominated by the growth in the 2.24 eV peak. This can be clearly seen in Fig. 2c, d , which show the integrated peak emission as a function of time as the ambient conditions are abruptly changed between oxygen-rich and oxygen-poor conditions. The 2.24 eV peak is highly sensitive to the presence of oxygen.
Transient conductivity measurements. Conductivity measurements provide sensitivity to adsorbates, which has been repeatedly demonstrated in ZnO in the context of sensors. Since ZnO is highly sensitive to adsorbates 2, 25, 29 , transient conductivity measurements can be used as a tool to investigate how the charge-carrier densities are affected by oxygen, water and nitrogen. Figure 3a shows the current and atmospheric pressure as a function of time when the ambient atmosphere is evacuated. The conductivity gradually increases as the pressure slowly decreases. Figure 3b shows the current and pressure as pure oxygen is introduced, giving rise to a slow and gradual decrease in the conductivity. Figure 3c shows the conductivity and relative humidity under vacuum after equilibrating under vacuum. When an atmosphere consisting of nitrogen and water vapour is abruptly introduced, the conductivity increases significantly and the current response proportional to the relative humidity. Figure 3d shows the current and pressure as dry nitrogen was introduced, showing no significant change.
Adsorption-induced changes in emission and conductivity. Several important observations can be made when monitoring the PL over an extended period following an abrupt change in ambient atmospheric conditions, as shown in Fig. 1 . The relative intensities of the emission peaks can be strongly dependent on both the atmosphere and the duration of successive PL measurements. The rate of change of the emission spectra provides additional information. The fact that these changes can occur over several hours is consistent with adsorption processes, particularly in the case of mixed gases when there is a competition between adsorption (see Fig. 2a ), photo-induced desorption, and adsorbate displacement. ZnO is known to adsorb many gases including O 2 , H 2 O and CO 2 28,34 . By pairing PL and conductivity measurements one can begin to make systematic observations regarding which adsorbates do, and do not, impact the green emission. In this section we show the role of adsorbates on the In air at t ≈ 4 h fluorescence and conductivity of ZnO in the presence of water, oxygen and then air, which is a more complicated mixed gas system. The ability of ZnO to adsorb water, and the effect this has on the conductivity, is demonstrated in Fig. 3b . Initially, the sample is under vacuum, a situation in which the surface is expected to have a more reactive surface with many available adsorption sites. The introduction of water vapour increased the conductivity of the ZnO nanoparticle film by orders of magnitude. The fact that the introduction of dry N 2 gas in Fig. 3d did not have an effect on the conductivity means that the effects of wet N 2 gas are due to the water vapour alone. This is consistent with the humidity sensing abilities of ZnO 35 and previous studies suggesting that dissociated water, leading to bound hydrogen, is the primary cause of the extrinsic conductivity 25, 36, 37 . This process of dissociating water on the ZnO surface, however, had no impact on the shape or intensity of the emission profile as seen in Supplementary Fig. 2 . This rules out hydroxylation as the cause of green emission.
The green emission quickly dominates the emission profile as pure oxygen is introduced to the sample (see Fig. 1d ), whereas the green emission is entirely quenched, with UV dominating the PL signal, when nitrogen (either wet or dry) is introduced. This is in agreement with previous published results, where it was shown that the change in intensity of the green emission in ZnO increases with smaller particle sizes 33 . If oxygen vacancies were the cause of green emission, this emission should not decrease when switching from oxygen-rich to inert, oxygen-poor environments. However, the green emission is highly pronounced in oxygen, and completely quenched in nitrogen (see Fig. 4a ). When coupled with the conductivity results, this strongly suggests that oxygen adsorbing to the ZnO surface, rather than oxygen vacancy formation, leads to green emission in ZnO nanoparticles.
Molecular oxygen is known to be an excellent electron scavenger when adsorbing onto electron rich materials, readily forming negatively charged superoxide O À 2 2,29 . The conductivity significantly increases when the mixed gas atmosphere surrounding the sample is evacuated (see Fig. 3a ) and the conductivity largely decreases when pure oxygen is injected into the chamber (see Fig. 3b ). These observations are consistent with O À 2 formation on the ZnO particle surface caused by oxygen adsorption and an accompanying electron transfer. An estimate of the number of adsorption events is given in Supplementary Note 1 and Supplementary Fig. 3 . These electrons are injected back into the ZnO conduction band when the oxygen molecules desorb from the surface. Since O 2 effectively acts as an electron trap when forming O À 2 , and since the green emission is caused by the presence of O 2 , the most likely recombination process leading to green emission is between a trapped electron at the O À 2 site and a free hole in the valence band (Fig. 4b) . Since we observe that the green emission, observed in the oxygen-rich environment, is comprised of a single peak at 2.24 eV (see Fig. 2c, d) , we place the O À 2 defect level at the same energy above the ZnO valence band edge. Dynamic and reversible fluorescence triggered by superoxide has been extensively reported in live-cell imaging, but to our knowledge has never been linked to solid-state material photoluminescence 38 .
We are able to see the evolution of the 2.24 eV peak and changes in the conductivity so clearly because of the high surface area of our ZnO films cast from 10 nm particles. Studies of ZnO particles of varying in size from 5 to 15 nm show that the green emission of smaller particles is more susceptible to changes in the atmosphere 33 . It is possible that other defect levels, like the one at 2.65 eV, become more relevant in ZnO when its surface-tovolume ratio is much smaller, as in epitaxially grown films. However, in the case of nanostructured ZnO films, adsorbed superoxide is most important and the emission can be tuned from green to UV by controlling the oxygen content of the atmosphere as shown in Fig. 4 .
The case of mixed gases is more complicated, but particularly relevant as most reports of photoluminescence are taken in air. By comparing the spectra in Fig. 1a, d it can be seen that the presence of chemical species besides oxygen in the atmosphere, such as H 2 O and CO 2 , causes a gradual increase in the green emission rather than the abrupt transitions observed when pure oxygen is introduced. As both dry and wet nitrogen led to quenching of the green emission, the slow increase observed in Fig. 1a is most likely due to a competition between adsorption of all the species present in the atmosphere. With all species gradually desorbing as the sample is illuminated with UV light, a larger density of O 2 molecules are allowed to adsorb as it is more prevalent in air. The growth of the green emission peak occurred over many hours in ambient atmosphere (see Fig. 1a ) and the quenching of the green emission when an overpressure of nitrogen was introduced (see Fig. 1e ) indicate that the ZnO surface has a propensity towards the adsorption of molecules other than O 2 . It also indicates that an additional driving force, such as UV exposure by the excitation source of the PL measurement, is required to observe significant green emission in air.
Discussion
We have shown that both the emission and the conductivity of ZnO are highly sensitive to the composition of the ambient atmosphere. The green part of the emission increases drastically under oxygenrich conditions, which is accompanied by a decrease in both the conductivity and the UV emission. This shows that the green c Recombination between a trapped electron on a superoxide and a free hole leading to green emission in the oxygen rich environment emission is not caused by oxygen vacancies, but rather by trapassisted recombination via superoxide species on the particle surface with a defect level located at 2.24 eV above the valence band edge. Where water vapour was found to drastically increase the conductivity, it had no effect on the emission. We demonstrate that UV exposure, even by the excitation source in a PL measurement, can shift the population of adsorbed species on the ZnO surface and modify the relative intensity of emissive peaks, and must be taken into account in interpreting PL results. Our results show that the emission and conductivity of ZnO can be readily tuned by simply controlling the oxygen content and water vapour in the atmosphere surrounding the sample. The material emission is directly affected by surface reactivity and chemical atmosphere.
Methods
ZnO nanoparticles and sample preparation. Water-soluble ZnO particles (~10 nm in diameter) functionalized with carboxylate oligoethylene glycol were used in this study for improved film processing. Details of the particle synthesis including electron microscopy characterisation is reported in a previous publication 39 . All films used for UV-vis absorptance, PL and conductivity measurements were fabricated by spin casting a 205 mg/mL ZnO water solution onto cleaned sapphire (Al 2 O 3 ) substrates.
UV-Vis and PL. Absorptance curves of the ZnO films were obtained from transmittance and reflectance measurements using a Shimadzu UV-2600 spectrometer with an integrating sphere. All PL spectra were acquired using a Horiba Scientific FluoroMax SpectroFluorometer with a 300 nm excitation source at a duration of 1 min and 53 seconds at 10 second intervals. A 355-nm long-wave pass filter was used to limit optical artefacts. Oxygen was introduced directly from a gas cylinder whereas gaseous nitrogen was fed through an oxygen/moisture trap filter that reduces oxygen to <2 ppb. Water vapour was introduced by bubbling nitrogen in deionized water in a closed system. For PL measurements under vacuum, a roughing pump that achieves a maximum vacuum of 6.8 Torr was used.
Conductivity measurements. Interdigitated top electrodes for conductivity measurements were deposited by thermal evaporation of Cr/Au through a shadow mask. We use coplanar contacts so that exposure of the active area to the atmosphere is the same as in the PL measurements. Highly sensitive electrical measurements were performed inside a cryostat with significant electrical shielding using an Agilent B1500A semiconductor device analyser equipped with sourcemeasurement modules and atto-sense units. Gasses were introduced in a similar way to how they were introduced during the PL measurements. Lower pressures reported for conductivity measurements under vacuum were achieved using a turbo pump. The accuracy of the humidity sensor mounted in the cryostat was ±3.5% relative humidity. The current was measured at an applied voltage of 2 V for all electrical measurements.
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